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Abstract. - A novel mechanism for explaining the matter-antimatter asymmetry of the universe 
is considered. We assume that the universe starts from completely symmetric state and then, as it 
cools down, it undergoes a quantum-phase transition which in turn causes an asymmetry between 
matter and anti-matter. The mechanism does not require the baryon number violating interactions 
or CP violation at a microscopic level. Our analysis of the matter-antimatter asymmetry is in 
the context of conspicuous experimental results obtained in the condensed-matter physics. 
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, One of the important and long standing problems 
of modern cosmology and astrophysics is the matter- 
antimatter asymmetry: the observable part of the universe 
contains mostly baryons and antibaryons produced locally 
as the byproduct of nuclear reactions (TJ^H . For the glob- 
ally symmetric universe one can put a strong constraint 
qn the size I of antimatter clusters [5], ^ > 1000 Mpc. 
This number may be compared with the visible size of the 
ijmvcrse, 3000 Mpc. 

' A convenient dimensionlcss number which characterizes 
tjhe magnitude of the baryon asymmetry is the ratio of the 
baryonic charge density {ns — ng) to the density of the 
cosmic microwave background n^ [5] 
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Estimate ([T]) , excluding antimatter on scales of order ^ 20 
Mpc [5], may be obtained assuming that at earlier times, 
at temperatures well above 100 MeV, the universe had one 
extra quark per about 10^'' quark-antiquark pairs and this 
tiny excess is responsible for the entire baryonic matter in 
the present universe. 

Although there is no logical contradiction to assume 
that an excess of quarks over antiquarks is built in as 
an initial condition, this ad hoc hypothesis can not be 
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justified within the inflationary scenario which does not 
provide such an initial condition [IHl]- Thus, it becomes 
necessary to explain baryon asymmetry without introduc- 
ing the minute particle excess at the initial stage of the 
big bang. 

Sakharov [^ was first to formulate the conditions neces- 
sary for generating the observed baryon asymmetry from 
an initially symmetric state. These are: the baryon num- 
ber non-conservation, C and CP violation, and a depar- 
ture from the thermal equilibrium. Numerous possible 
scenarios incorporating Sakharov's conditions readily fol- 
lowed. The detailed discussion of these mechanisms such 
as electroweak baryogenesis, baryonic charge condensate, 
baryogenesis via lepto genesis, baryogenesis through evap- 
oration of primordial black holes, out of equilibrium de- 
cays of massive particles, baryon number non conserva- 
tion caused by the triangle anomaly in baryonic current 
and baryogenesis in the presence of spontaneously broken 
Lorentz symmetry can be found in [IHl] . It is worth noting 
that all these scenarios require extension of the standard 
model of particle physics. 

In this letter we propose a mechanism for explaining 
the matter-antimatter asymmetry of the universe, which 
does not require any extension of the standard model of 
particle physics or the standard model of cosmology. Our 
approach is based on the observation that the condensed- 
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matter physics of strongly correlated Fermi systems and 
topologically protected gapless fermions without disper- 
sion forming the flat bands may offer opening for designing 
such a mechanism jSHIOj. We propose that the universe 
began from a completely symmetric state with the baryon 
number and CP conserved at the end of inflation when 
the particle production started. The observed asymmetry 
may be explained by suggesting that in the post infla- 
tion epoch, at baryogenesis, as the universe cooled down 
in approximately 10 orders of magnitude, it came near 
a quantum phase transition. At that time an excess of 
matter over the antimatter in the universe was generated. 
This phase transition could wash out the antibaryons from 
the universe ground state wave function. Such a quantum 
phase transition can be represented by the fermion con- 
densation quantum phase transition (FCQPT) that does 
not support quasiparticlc-holc symmetry |11H14) . We note 
that flat bands related to FCQPT were observed in 24-1 
dimensional quantum field theory which is dual to a grav- 
itational theory in the anti-de Sitter background J15j . For 
the detailed discussion of novel features exhibited by the 
strongly correlated Fermi systems see review [T3]. 

Our suggestion is based on the results of theoretical 
[inilllllll] and experimental PTHTO] studies of novel sys- 
tems of condensed matter physics - the strongly correlated 
Fermi systems and the quantum phase transitions within. 
These systems do not belong to the well known class of 
Landau Fermi Liquid |20] , and exhibit the non- Fermi Liq- 
uid behavior strikingly different from those of the Landau 
Fermi-Liquid [21]. 

We propose that the universe exhibits non-Fermi Liq- 
uid behavior and therefore shares the features of non- 
Fermi Liquid, in particular the spontaneous breakdown 
of quasiparticle-hole symmetry. The quasiparticle-hole 
asymmetry manifests itself on a macroscopic scale as an 
asymmetric conductivity [TTHIQ] . This phenomenon of 
quasiparticle-hole asymmetry serves as the guiding prin- 
ciple in our suggestion of explaining matter-antimatter 
asymmetry from the results of condensed matter physics 
of strongly correlated fermi systems. Below we briefly 
discuss the quasiparticle and hole properties in Landau 
Fermi-Liquid and non-Fermi Liquid which are necessary 
to illustrate our suggestion and provide the basis for inter- 
preting the observed baryon asymmetry as resulting from 
a quantum phase transition. Throughout holes will repre- 
sent the matter (baryons) and quasiparticles will serve as 
an analogy of antimatter (antibaryons). 

As it is well known, the basic thermodynamic and trans- 
port properties of Landau Fermi-Liquid are described in 
terms of quasiparticles - the weakly excited states over the 
Fermi sea (or the Fermi level Ep) [50]. Landau Fermi Liq- 
uid is symmetric with regard to quasiparticles and holes. 
The latter are the "mirror images" of quasiparticles with 
the same mass but opposite charge; in particle physics 
terminology the quasiparticles above and the holes below 
the Fermi sea are fermions above and antifermions below 
the Dirac sea. Microscopic Hamiltonian describing Lan- 



dau Fermi-Liquid is fully symmetric with regards to holes 
and quasiparticles, and this "matter-antimatter symme- 
try" holds on a macroscopic scale as well [2D]- 

The theory of Landau Fermi Liquid is based on a rep- 
resentation of the system as a gas of interacting quasipar- 
ticles, the number of which is equal to the number A^ of 
particles f20[ . The ground state energy _E of a uniform 
Fermi system is treated as a functional of the quasiparti- 
cle distribution n(p). Under arbitrary variation of n(p), 
conserving the particle number density x, the energy E is 
changed according to the formula [TTIIT^ 
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Here £(p) = 5E/5n{p) is the energy of a quasiparticle and 
^ is the chemical potential. Distribution n{p) at T = is 
a Fermi step n{p) = 6{p—pp), pp is the Fermi momentum, 
and X — Pp/3tt^. At finite temperatures n(p) is given by 
the Fcrmi-Dirac distribution 



7i(p,r) = {l + cxp[(e(p,T)-Ai)/T]}- 
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A necessary stability condition for Landau Fermi-Liquid 
is that the group velocity of quasiparticles be nonnegative 
at the Fermi surface: Vg{p) = de{p)/dp > 0. In that 
case 5E > and we obtain from eq. ^ that e{p) = /i. 
This condition can be reformulated as an equation of the 
minimum jlllll2| 
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The distribution function found from eq. Q differs from 
the step function in the interval from pi to pf] inside this 
interval < n{p) < 1. Outside this interval n(p) coin- 
cides with the step function. When the density x -^ xpc 
where xpc is a quantum critical point (QCP) of FCQPT, 
a nontrivial solution of eq. Q emerges. At finite T, a 
solution n{p) of eq. (U) and the corresponding single- 
particle spectrum e(p) are depicted in fig. [1] [16]. At 
the Fermi level e(p,T) — /i, then from eq. (|3]) the dis- 
tribution function n{p,T) = 1/2. The vertical dashed 
and solid lines in fig. [T] crossing the distribution func- 
tion at the Fermi level illustrate the asymmetry of the 
corresponding distribution functions with respect to the 
Fermi level at T = 0.01 and T = 0.0001 respectively As 
T — >■ as seen from fig. [TJ the number density of holes 
H = X]^fj))<_E (^ ~ ^(p)) is finite, while the number den- 
sity of quasiparticles P = ^^,w^ n(p) vanishes. Clearly 
the solutions of eq. @ strongly violate the particle-hole 
symmetry, and the asymmetry Ra = [H — P)/{H + P) 
increases becoming more pronounced at diminishing tem- 
peratures. 

A schematic phase diagram of the system which is 
driven to FCQPT by variation of x is reported in fig. [21 
Upon approaching QCP of FCQPT at a; = xfc, the sys- 
tem remains in the Landau Fermi Liquid region at suffi- 
ciently low temperatures as is shown by the shadow area. 
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Fig. 1: The single particle energy e(k,T) (a) and the distribu- 
tion function n(k, T) (b) at finite temperatures as fijnctions of 
the dimensionless variable k — p/pf- Temperature is measured 
in units oiEp. At T = 0.01 and T = 0.0001 the vertical dashed 
and solid lines respectively show the position of the Fermi level 
Ef at which n(k, T) = 0.5 as depicted by the horizontal line. 
As T — >■ and consistent with eq. Q, the single particle 
energy e(k,T) becomes more flat in the region (p/ — pi) and 
the distribution function n(k, T) in this region becomes more 
asymmetric with respect to the Fermi level Ef producing the 
quasiparticle-hole asymmetry related to the non-Fermi Liquid 
behavior. 



The temperature range of the shadow area shrinks as the 
system approaches QCP. At xpc shown by the arrow in 
fig. [21 the system demonstrates the non-Fermi Liquid be- 
havior down to the lowest temperatures. Below QCP at 
finite temperatures the behavior remains the non-Fermi 
Liquid one with the particle-hole asymmetry. In that case 
as T — > 0, the system is approaching a quantum critical 
line (shown by the vertical arrow and the dashed line in 
fig. [2]) rather than a quantum critical point. It is seen from 
fig. [5] that at finite temperatures there is no boundary (or 
phase transition) between the states of systems located 
before or beyond QCP shown by the arrow. Therefore, 
at elevated temperatures the properties of systems with 
x/xfc < 1 or with x/xpc > 1 become indistinguishable, 
while the particle-hole symmetry is restored [T3| . In fig. [3] 
we present the asymmetry Ra versus dimensionless tem- 
perature. At low temperatures T / Ep < 1 the asymmetry 
Ra ~ oq + ai vT and the symmetry is restored at T ~ Ep 
since Ra — 0. The function Ra is of universal form and 
the values of oq and ai arc determined by the location of 
the system at the quantum critical line shown in fig. [51 
We note that ao is given by the temperature independent 
part So of the entropy, S{T ^ Q) ^ So [I1[I1[I1]. 

One of the manifestations of the quasiparticle-hole sym- 
metry on a macroscopic scale is the symmetric electric 
conductivity. It is straightforward to demonstrate that in 



Fig. 2: Schematic phase diagram of a system with FCQPT. 
The number density x is taken as the control parameter and 
depicted as x/xfc- The quantum critical point at x/xfc ~ 1 
of FCQPT is denoted by the arrow. At x/xpc > 1 and suffi- 
ciently low temperatures, the system is in the Landau Fermi- 
Liquid state as shown by the shadow area. At finite temper- 
atures and beyond the critical point, x/xpc < 1, the system 
is above the quantum critical line depicted by the dashed line 
and shown by the vertical arrow. The location of the system 
in the NFL region is characterized by the quasiparticle-hole 
asymmetry related to the non-Fermi Liquid behavior. 




Fig. 3: Ra as a function of the dimensionless temperature mea- 
sured in Ef- Our calculations are shown by squares. The solid 
curve represents a fit Ra — ao + aiVT. 



Landau Fermi-Liquid the differential conductivity (Jd ap- 
pearing in Ohm's law 



dl = aadV 



(5) 



is a symmetric function of the voltage V, i.e. ad may de- 
pend on the absolute value of V, but not on its sign. From 
eq. (O it follows that when the conductivity is a symmet- 
ric function of voltage, reversing the sign of V results in 
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I ^ — I; electric current maintains its magnitude and 
flows in the opposite direction. This reasonable feature 
may be readily derived in the framework of the Landau 
Fermi Liquid theory. Let us recall that the electric cur- 
rent can be expressed in terms of the distribution function 
given by eq. ^ as [T7] 



liV) 



const / de [n{e — V)~ n{e)] 



(6) 



Now, from eqs. ([5]) and ([6]) it immediately follows that <Td 
is a symmetric function of voltage V. This result is a direct 
consequence of the quasiparticle-hole symmetry which is 
an inherent feature of the Landau Fermi-Liquid theory. 
The symmetric conductivity has been observed so many 
times that it lead to a perception that the conductivity 
can not be asymmetric. 

This perception has been invalidated by recent experi- 
mental observations where it was shown that at low tem- 
peratures the electric conductivity in high-Tc supercon- 
ductors [17] as well as in some heavy fermion metals, 
such as CeCoIns and YbCu5_xAlx [T8lfT9] is clearly asym- 
metric, this asymmetry vanishing as the temperature in- 
creases. Evidently, the asymmetry can not be explained 
in the framework of the Landau Fermi Liquid theory 
since the quasiparticle-hole symmetry unavoidably leads 
to the step function for the fermion distribution function 
in the low temperature regime which, in turn results in 
a symmetric conductivity. Therefore, in order to explain 
the asymmetric conductivity, it is necessary to consider 
fermion systems more general than Landau Fermi-Liquid. 

Strongly correlated fermion systems may serve as one of 
the examples of such systems. These systems have many 
novel phenomena which have been observed experimen- 
tally P"51l^ ; in our case the most attractive is the low tem- 
perature asymmetric conductivity |13ll71 - fT5] . This macro- 
scopic effect finds its explanation in the quasiparticle-hole 
asymmetry in theory of strongly correlated fermion sys- 
tems. Fundamental microscopic interaction in this theory 
is fully symmetric with regard to quasiparticles and holes 
but FCQPT at low temperatures causes the spontaneous 
symmetry breakdown J13II14J . Asymmetry is caused by the 
simple fact that in strongly correlated fermion systems, in 
contrast to Landau Fermi Liquid, the single-particle en- 
ergy £:(p) is T dependent. Thus n{p,T) given by eq. ^ 
does not reproduce the step function in the low tempera- 
ture limit [TT1[T2] . The asymmetric part of the conductiv- 
ity, 

<Jd{V) - <Jd{-V) 



AaaiV) 



(7) 



can be calculated |14| and comparison with experiments 
[THmn] leads to good agreement. The estimate is 
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From cq. ^ it follows that a fairly large asymmetry is 
obtained when {pf —pi)/pp w 1. When a magnetic field B 



is applied the Landau Fermi-Liquid behavior is restored, 
particle-hole asymmetry is eliminated, and therefore the 
asymmetric part of the differential conductivity disappears 
[13l[T4l[16| . In other words, the particle- hole symmetry is 
macroscopically broken, or CP is violated, in the absence 
of applied magnetic fields. Conversely, the application 
of a magnetic field restores both the particle-hole sym- 
metry and the Landau Fermi Liquid state. This agrees 
with the experimental facts collected in measurements on 

Ybcu5-xAix naiis]. 

Now we are in a position to formulate our approach 
to the baryon asymmetry of the universe. As it cools 
down, the universe behaves as a non-Fermi Liquid; one 
of the manifestations of such systems is a strongly cor- 
related Fermi system exhibiting FCQPT at T = as is 
shown in fig. [51 We suggest that this model describes the 
particle- antiparticlc content of the universe. As seen from 
fig. [21 at finite temperatures baryon-antibaryon asymme- 
try emerges as an inherent property of the system located 
above the quantum critical line. The asymmetry results 
from the distortion of the Fermi surface, in other words 
from the deviation of the distribution function n{p) from 
the step function at low temperature. At lowering tem- 
perature, the system approaches the quantum critical line 
and, correspondingly, the asymmetry increases. Details of 
this increase depend on the model chosen; the very exis- 
tence and the universal qualitative behavior of the asym- 
metry is of great significance. 

The picture for explaining baryon asymmetry emerg- 
ing from the above is as follows. The initial excited state 
corresponding to the big bang with extremely high tem- 
perature possesses matter-antimatter symmetry. At the 
end of the inflation stage the dark matter emerges pro- 
ducing baryons (holes) and anti-baryons (quasiparticles). 
At this stage the temperature is high and the chemical 
potentials of baryons and antibaryons are zero, so that 
the asymmetry is also zero. As the temperature drops the 
state with the baryon (hole) asymmetry is formed. As a 
result, the universe approaches the quantum critical line 
which corresponds to the state with the maximum baryon 
(hole) asymmetry as it is seen from fig. [31 This state is 
the eigenstate of the fully symmetric microscopic Hamil- 
tonian with the eigenvalue lower than the one for the state 
with matter-antimatter symmetry and contains the visi- 
ble matter - baryons (holes), and the dark matter in the 
vicinity of the visible matter. In our approach the visible 
matter is represented by the excitations (holes) of the dark 
matter. As there is almost no interaction between holes 
and the Fermi sea, we conclude that there is no direct in- 
teraction between dark matter and visible matter, that is 
the interaction if it exists is very weak. Then, proceed- 
ing along the universe-non-Fermi Liquid analogy, since it 
takes about ten particles to create one quasiparticle pO] . 
we estimate the ratio of the mass of visible matter to the 
mass of dark matter to be of order of ten which is close to 
the observed value ^Du/^b ~ 5 pi^. The ground state 
of the universe which we identify with the dark energy is 
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interpreted in our approach as the vacuum. 

Another result which comes as a bonus of our universe- 
non-Fermi Liquid analogy is the high entropy of the uni- 
verse. As it is seen from fig. (TJ n(k, T) of holes (the visible 
matter) even at T — ?► is non-integer, < n(k, T) < 1. 
The entropy S(n{p, T)) is given by the well-known expres- 



S{n{p,T)) = -2j[n{p,T)Hn{p,T)) + {l-n{p,T)) 

dp 



X ln(l-n(p,T))] 



(27r)3 



(9) 



It follows from fig. [T] and eq. (jH]) that the entropy of the 
system is finite at T ^- 0: ^(r ^- 0) ^- Sq. 

Let us introduce Sb-, entropy per baryon, as S/x where 
5* is given by eq. (J9l) and x is the number density of 
baryons. Then from the eq. (HJ it follows that Sb ^ 1- 
This observation immediately explains the high entropy of 
the visible matter [53]. We also conjecture that the ob- 
served violation of CP-symmetry, leading to the violation 
of T-symmetry and making the finite term of the entropy, 
S{T — > 0) = 5o, may resolve the well-known problem of 
the time arrow. 

It might seem that the presence of the Fermi level con- 
tradicts the relativistic invariance and the CPT theorem 
since the Fermi level and the Fermi sphere related to it 
are not transformed according to the invariance. As we 
shall see, at high energies the degrees of freedom related 
to the Fermi sphere become irrelevant and the relativistic 
symmetry is preserved in our approach. Let us assume 
that there are substantial gaps in the energy scales sep- 
arating different states of the evolution of the Universe. 
One of these gaps separates the state behind FCQPT 
which produces CP violation and the symmetrical state 
laying above FCQPT. Consider the linear response func- 
tion x(q,w) (see, e.g., gl]) 



X(q,w) =^|p(q)„o| 



2aj„o 



(w + ^7)2 - ujIq 



(10) 



Here p(q) describes the fiuctuations of the quasiparticle 
density, w„o = En — Eq is the difference between the 
ground state and the excited state energies. In our case 
En are the energy of excited states behind FCQPT. If ut 
is sufficiently high so that uj ^ {En — Eq) then eq. (fTU)) 
defines the linear response function of noninteracting par- 
ticles [U 

^2 



X(q,w ^ oo) = 



xq 



(11) 



where m is the mass of quasiparticle at w 3> ujno- In 
our case, it means that at these high energies the sys- 
tem is located in the region of its phase diagram located 
well above the critical line shown in fig. [5] where the CP 
symmetry is restored. Relativistic invariance is not yet 
restored since the very existence of quasiparticles ensures 
that Fermi sphere still remains relevant surface in phase 



space. Now we take into account that the linear response 
function of this system is again given by eq. (jlOp with 
new uJno- Again at cj 3> w'^q the response function is given 
by eq. (fTTj) formed by particles the existence of that is 
not related to any Fermi sphere. Going along this way, 
we ascend a level at which the infiation takes place and 
the relevant degrees of freedom arc now not quasiparticles 
but particles of Standard Model. As a result, we conclude 
that at elevated energies uj the irrelevant degrees of free- 
dom vanish and both the relativistic invariance and the 
CPT symmetry emerge. The details of reappearing of 
relativistic invariance are defined by the concrete model 
chosen to describe baryogenesis. 

The attractive feature of the scenario discussed above is 
in its "conservative" character - in order to introduce the 
matter-antimatter asymmetry it may suffice to suggest a 
mechanism based on analysis of quantum phase transitions 
in Fermi systems. There is no need to introduce baryon 
number non conservation or CP violating interactions, as 
well as to invoke any extension of the standard cosmo- 
logical model - ordinary quantum mechanics and quan- 
tum statistics applied to a multi fermion system guaran- 
tee that the system starts from the symmetric state and 
at decreasing temperatures arrives at a maximally asym- 
metric state. This universal feature is present in strongly 
correlated Fermi systems with the fermion condensation 
quantum phase transitions; the details depend on the con- 
crete microscopic Hamiltonian postulated. We note that 
typical current-current interactions lead to the formation 
of fiat bands ^5\. These located at the Fermi surface, 
being topologically protected from interaction and other 
disturbances, lead to the robustness of the generic proper- 
ties of the quantum vacuum generated by their existence 
[5HTU]. Because of the universal features of our model 
we have not concentrated on a particular picture that fol- 
lows from some concrete dynamics, nor pursued the best 
quantitative description as the goal by itself. Rather, we 
demonstrate an opportunity to explain baryon asymmetry 
from the very general physics principles. Let us stress that 
the quasiparticle-hole asymmetry which manifests itself at 
the macroscopic scale is observed in experiments on heavy 
fermion metals and analyzed theoretically is one of the 
few analogies of particle-antiparticle asymmetry observed 
in the universe, and thus deserves attention. 
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